Ultrathin epitaxial ferroelectric films grown on compressive substrates:
  Competition between the surface and strain effects by Zembilgotov, A. G. et al.
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 ZLWKLQ WKH ILOP)LQDOO\WKHPHDQSRODUL]DWLRQ 3 RIWKHILOPFDQEHIRXQGDV
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)LJ  8QLYHUVDO WHPSHUDWXUH GHSHQGHQFHV RI WKH UHODWLYH PHDQSRODUL]DWLRQ  V33 LQ HSLWD[LDO WKLQ ILOPV H[SHULHQFLQJ D VHFRQGRUGHU IHUURHOHFWULF SKDVH WUDQVLWLRQ )LOPV ZLWK YDULRXV UHODWLYHWKLFNQHVVHV + LQGLFDWHGLQWKH ILJXUHDUHDVVXPHGWREHJURZQDW6P  7KHFXUYHVKHUHDQGEHORZZHUHFRPSXWHGDW DYDOXH RI/    WDNHQ IURP 5HI  7KH XSSHU FXUYH VKRZV WKHSRODUL]DWLRQ FDOFXODWHG LQ WKH WKLFNILOP DSSUR[LPDWLRQ ZKLFKQHJOHFWVWKHVXUIDFHHIIHFW
,WFDQEHVHHQWKDWWKHVXUIDFHHIIHFWKLQGHUVWKHGHYHORSPHQWRI VSRQWDQHRXV SRODUL]DWLRQ GXULQJ WKH ILOP FRROLQJ 7KLVLQWULQVLF VL]H HIIHFW PDQLIHVWV LWVHOI LQ D GHFUHDVH RI WKHIHUURHOHFWULF WUDQVLWLRQ WHPSHUDWXUH 7F DV ZHOO DV LQ DUHGXFWLRQRIWKHPHDQSRODUL]DWLRQ 73 UHODWLYHWRWKHWKLFNILOP SRODUL]DWLRQ 3V7 +RZHYHU 73 FDQQRW EH VWURQJO\VXSSUHVVHGLQDZLGHWHPSHUDWXUHUDQJHLHZHOOEHORZ7F+WKH PHDQ SRODUL]DWLRQ KDV WKH VDPH RUGHU RI PDJQLWXGH DV3V7 7KH GHFUHDVH RI WKH WUDQVLWLRQ WHPSHUDWXUH UHODWLYH WRWKH WKLFNILOP YDOXH RI 7F  T EHFRPHV VLJQLILFDQW RQO\ LQ
ILOPV ZLWK +   5HPDUNDEO\ DW +!  WKH WUDQVLWLRQWHPSHUDWXUH EHFRPHV LQGLVWLQJXLVKDEOH IURP T VHH )LJ ZKLFK VXSSRUWV WKHYDOLGLW\ RI FDOFXODWLRQV SHUIRUPHG HDUOLHU LQWKHWKLFNILOPDSSUR[LPDWLRQ:KHQ WKHPHDQ SRODUL]DWLRQ 73 LV QRUPDOL]HG E\ WKHWHPSHUDWXUHGHSHQGHQW WKLFNILOP SRODUL]DWLRQ 3V7 LW DOVRH[KLELWV D XQLYHUVDO GHSHQGHQFH RQ WKH UHODWLYH ILOP WKLFNQHVV+  7 7KLVGHSHQGHQFHFDOFXODWHGLQWKH3DSSUR[LPDWLRQLV SUHVHQWHG LQ WKH )LJ  ,W FDQ EH VHHQ WKDW LUUHVSHFWLYH RIWHPSHUDWXUH VWURQJ VXSSUHVVLRQ RI WKH ILOP SRODUL]DWLRQ WDNHVSODFHRQO\LQXOWUDWKLQILOPVZLWKDWKLFNQHVV+ FRPSDUDEOHWRWKHFRUUHODWLRQOHQJWK  7 
       





_
0HDQ
SRODU
L]DWLR
Q 3 3
V
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)LJ  8QLYHUVDO GHSHQGHQFH RI WKH QRUPDOL]HG PHDQ SRODUL]DWLRQ 7373 V RQWKHUHODWLYHILOPWKLFNQHVV   7+ 7KHFXUYHZDVFDOFXODWHGLQWKH3 DSSUR[LPDWLRQIRUHSLWD[LDOILOPVJURZQDW6P  )RU 37 DQG %7 ILOPV WHPSHUDWXUH GHSHQGHQFHV RI WKHPHDQ SRODUL]DWLRQ 73 ZHUH DOVR FDOFXODWHG ZLWK WKH DLG RI(TV ZKLFK WDNH LQWR DFFRXQW WKH VL[WKRUGHU WHUP LQWKH IUHHHQHUJ\ H[SDQVLRQ 1XPHULFDO YDOXHV RI WKH LQYROYHGPDWHULDO SDUDPHWHUVZHUH WDNHQ IURP 5HI   7KH FRHIILFLHQWJ ZKLFK GHILQHV WKH JUDGLHQW WHUP LQ WKH HQHUJ\ H[SDQVLRQGRHV QRW DIIHFW WKH GHSHQGHQFH 73 SORWWHG DW D JLYHQQRUPDOL]HGWKLFNQHVV + ,QWKHFDVHRI37ILOPVWKHPLVILWVWUDLQ LQ WKH HSLWD[LDO V\VWHP ZDV DVVXPHG WR EH WHPSHUDWXUHLQGHSHQGHQWIRUVLPSOLFLW\6P  )RU%7ILOPVLWZDVJLYHQDOLQHDU WHPSHUDWXUH GHSHQGHQFH FRUUHVSRQGLQJ WR DUHSUHVHQWDWLYHH[DPSOHRI%7ILOPVJURZQRQ0J2 LQRUGHUWRDYRLG WKH WUDQVIRUPDWLRQ RI WKH WHWUDJRQDO SKDVH LQWR DPRQRFOLQLFRQH3  3 z 3 z GXULQJWKHFRROLQJ)LJXUH  VKRZV WKH PHDQ SRODUL]DWLRQ 73 FDOFXODWHGIRU 37 ILOPV DV D IXQFWLRQ RI WHPSHUDWXUH )RU FRPSDULVRQ WKHGHSHQGHQFHV 73 REWDLQHG LQ WKH 3DSSUR[LPDWLRQ DUH DOVRSORWWHG LQ )LJ D ,W FDQ EH VHHQ WKDW LQ WKH YLFLQLW\ RI WKH
WUDQVLWLRQ WHPSHUDWXUH7F +  WKH3WHUP LQGHHGPD\ EHQHJOHFWHG +RZHYHU ZHOO EHORZ 7F WKH 3DSSUR[LPDWLRQRYHUHVWLPDWHVWKHVXUIDFHHIIHFWFRQVLGHUDEO\:LWKGHFUHDVLQJWHPSHUDWXUHWKHDFWXDOSRODUL]DWLRQ 73 ILUVWLQFUHDVHVPRUHVWHHSO\DQGWKHQYDULHVPRUHVORZO\WKDQSUHGLFWHGE\WKH3PRGHO
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)LJ 0HDQSRODUL]DWLRQ 3 RIHSLWD[LDO3E7L2 ILOPVJURZQDW6P DVDIXQFWLRQRI WKH UHODWLYHD DQGDFWXDO E WHPSHUDWXUH6ROLGFXUYHVZHUHFDOFXODWHGZLWKWKHDFFRXQWRIWKH3WHUPLQWKHHQHUJ\H[SDQVLRQ ZKHUHDV GRWWHG OLQHV VKRZ UHVXOWV REWDLQHG LQ WKH 3DSSUR[LPDWLRQ7KHFXUYHV 3 7ZHUHQRUPDOL]HGE\WKHWKLFNILOPSRODUL]DWLRQ   73V FDOFXODWHG LQ WKH FRUUHVSRQGLQJDSSUR[LPDWLRQ 1XPEHUV LQGLFDWH WKH QRUPDOL]HG ILOP WKLFNQHVV+ IRUUHVSHFWLYHFXUYHV
$V IROORZV IURP )LJ  WKH %7 ILOPV GLVSOD\ D VLPLODUWHPSHUDWXUH GHSHQGHQFH 73  5HPDUNDEO\ WKH QHJDWLYHVXUIDFH HIIHFW FDQQRW VWURQJO\ VXSSUHVV WKH ILOP SRODUL]DWLRQ73 LQ D ZLGH WHPSHUDWXUH UDQJH WKRXJK LW PD\ UHGXFH WKHWUDQVLWLRQ WHPSHUDWXUH7F VLJQLILFDQWO\,QYLHZRIWKLVUHVXOW WKHREVHUYDWLRQ RI D YHU\ ORZ UHPDQHQW SRODUL]DWLRQ OHVV WKDQ WKHEXONYDOXHE\DQRUGHURIPDJQLWXGHLQXOWUDWKLQ%7ILOPV+ |QPJURZQRQ6U7L2 E\WKHPROHFXODUEHDPHSLWD[\FDQQRWEHDWWULEXWHGWRWKHLQWULQVLFVL]HHIIHFW
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)LJ 7HPSHUDWXUHGHSHQGHQFHVRIWKHQRUPDOL]HGPHDQSRODUL]DWLRQLQ%D7L2 ILOPVJURZQRQ0J2DW7J  &)LOPVDUHDVVXPHGWREHIXOO\ UHOD[HG 6P   DW &0HDQ WKHUPDO H[SDQVLRQ FRHIILFLHQWVDUHWDNHQWREHu .%7DQGu .0J2 7KHPHDQSRODUL]DWLRQ 3 LVQRUPDOL]HGE\DSRODUL]DWLRQ   73V FDOFXODWHGLQWKH WKLFNILOP DSSUR[LPDWLRQ DW D YDOXH RI WKH PLVILW VWUDLQ6P  ±u ZKLFK ZRXOG DSSHDU LQ WKLV ILOPVXEVWUDWH V\VWHP DW7  1XPHULFDOYDOXHVRIWKHILOPWKLFNQHVV + QRUPDOL]HGE\WKHEXONFRUUHODWLRQOHQJWK[ [7  DUHLQGLFDWHGLQWKHILJXUH
,9 ),/0 32/$5,=$7,21 0,6),7675$,1'(3(1'(1&(:H SURFHHG QRZ WR WKH GHVFULSWLRQ RI WKH PLVILWVWUDLQHIIHFWRQIHUURHOHFWULFLW\LQXOWUDWKLQILOPV$VVKRZQHDUOLHUWKHWUDQVLWLRQ WHPSHUDWXUH7F RID WKLFNHSLWD[LDO ILOP LVFORVH WRWKH&XULHWHPSHUDWXUH EF7 RIDEXONFU\VWDORQO\LQWKHYLFLQLW\RI6P  $W ODUJHQHJDWLYHPLVILW VWUDLQV ZKLFK DUH SURYLGHG E\VWURQJO\FRPSUHVVLYHVXEVWUDWHV7F6PPD\ ULVHPDUNHGO\ZLWKUHVSHFW WR EF7  ,Q XOWUDWKLQ ILOPV DQ DGGLWLRQDO QHJDWLYH VXUIDFHHIIHFW DSSHDUV WHQGLQJ WR UHGXFH7F 7KHUHIRUH WKH VKLIW RI WKHWUDQVLWLRQ SRLQW UHODWLYH WR EF7 LV JRYHUQHG LQ XOWUDWKLQ HSLWD[LDOILOPVE\WKHFRPSHWLWLRQRIWKHVWUDLQDQGVXUIDFHHIIHFWVRQ7F)LJXUHVKRZV WKHWUDQVLWLRQ WHPSHUDWXUH7F RI37ILOPVFDOFXODWHGDVDIXQFWLRQRIWKHPLVILWVWUDLQ6P DWGLIIHUHQWYDOXHVRIWKHUHODWLYHILOPWKLFNQHVV+[>+HUH+ LVQRUPDOL]HGE\WKHEXON FRUUHODWLRQ OHQJWK [   [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5HI 'DVKHGOLQHVKRZVWKHVSRQWDQHRXVSRODUL]DWLRQRIDEXONFU\VWDO
,QGHHG WKH PLQLPXP REVHUYHG UHPDQHQW SRODUL]DWLRQRI3U+  QP &P LVFRQVLGHUDEO\ORZHUWKDQWKHWKLFNILOP SRODUL]DWLRQ 3     &P FDOFXODWHG DW WKHPLVILWVWUDLQRI6P  ±uZKLFKFRUUHVSRQGVWRXOWUDWKLQ%7 ILOPV JURZQ RQ 6U7L2 $W WKH VDPH WLPH WKHSRODUL]DWLRQ3U | &P RIWKHQPWKLFN%7ILOPLVLQJRRGDJUHHPHQWZLWKWKHWKHRUHWLFDOYDOXHRI 3  &PREWDLQHG IRU WKH UHVSHFWLYH QRUPDOL]HG WKLFNQHVV +[   DW  [    QP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